Objective: To evaluate the evidence on the association between migraine and mortality. Methods: Systematic review and meta-analysis of studies investigating the association between any migraine (all forms of migraine collectively) or migraine subtypes (e.g. migraine with aura) and mortality published until March 2011. Results: We identified ten cohort studies. Studies differed regarding the types of mortality investigated and only four presented aura-stratified results, limiting pooled analyses with regard to migraine subtypes and with regard to causespecific mortality. For any migraine pooled analyses do not suggest an association with all-cause mortality (five studies; pooled relative risk (RR) ¼ 0.90, 95% confidence interval (CI) 0.71-1.16), cardiovascular disease mortality (CVD; six studies; pooled RR ¼ 1.09, 95% CI 0.89-1.32), or coronary heart disease mortality (CHD; three studies; pooled RR ¼ 0.95, 95% CI 0.57-1.60). Heterogeneity among studies is moderate to high. Two studies suggest that migraine with aura increases risk for CVD and CHD mortality. Conclusion: This meta-analysis does not suggest that any migraine is associated with increased risk of mortality from all causes, CVD, or CHD. However, there is heterogeneity among studies and suggestion that migraine with aura increases CVD and CHD mortality. Given the high prevalence of migraine in the general population a definitive answer to the question of whether migraine or a subtype alters risk for mortality is of high public health importance and further targeted research implicated.
Introduction
Migraine is a common neurological disorder affecting about 18% of the female and 6% of the male population (1) . Clinically it presents with recurrent headache attacks, associated symptoms of vegetative disturbance, and hypersensitivity of various functional systems of the nervous system (2, 3) . About one-third of migraineurs experience transient neurological symptoms, mostly involving the visual system, before or during the migraine attack, which are known as migraine aura (3) .
Migraine carries a tremendous individual, societal, and economic burden (4, 5) and the World Health Organization has listed migraine among the twenty most disabling global conditions (http://www.who. int/whr/2001/chapter2/en/index3.html). In addition, research has established that migraine, in particular migraine with aura, is associated with a high co-morbidity burden, mostly involving cardiovascular disease (CVD) and psychiatric, neurological, and other pain disorders (6) .
A recent systematic review and meta-analysis has summarized the evidence from studies investigating the association between migraine and CVD (7) . Although migraine, in particular migraine with aura (MA), was associated with a two-fold increased risk for ischemic stroke, there was no overall association between migraine and other CVD outcomes, including myocardial infarction and CVD mortality. However, the authors of a recent large population-based study from Iceland have reported that MA is an independent risk factor for CVD mortality (8) . In addition, analyses from that study found that MA increases the risk for all-cause mortality.
Given the high prevalence of migraine in the general population, it would be of enormous public health importance if an increased mortality risk among migraineurs with aura was also found in other populations and proved to be a general phenomenon of MA. Hence, we sought to summarize the current evidence on the association of migraine with all-cause as well as cause-specific mortality by systematically reviewing the literature and performing a meta-analysis.
Methods
To perform this meta-analysis, we used the guidelines published by the MOOSE group for the design, performance, and reporting of meta-analyses of observational studies (9) .
Data sources and searches
Two investigators (MS and PMR) independently searched MEDLINE, EMBASE, and Science Citation Index from their inceptions through March 2011 using the terms 'migraine disorders' or 'migraine' combined with the terms 'mortality', 'fatal outcome', 'death', or 'survival'. The 'explode' feature was used where applicable and no language restrictions were applied. We also manually searched the reference lists of all primary and review articles. The agreement of the search results between investigators was good ( ¼ 0.76), and disagreements were resolved by consensus.
Study selection
A priori, we established the following inclusion criteria. First, studies were required to have a case-control or cohort design. Second, the studies must investigate patients with migraine and control subjects without migraine. Third, in their analyses the authors must use an adjusted model or a matching procedure that controls for potential confounding. Fourth, the study must provide effect estimates with 95% confidence intervals (CI) or enough data to calculate these. Finally, if studies have overlapping cases and/or controls, the most informative study with extractable data meeting all the other inclusion criteria will be included.
To determine which studies to include, two investigators (MS and TK) screened the title and abstracts of all studies identified in the literature search and excluded all studies that did not meet one or more of the pre-specified criteria. The same investigators then reviewed the full articles of the remaining studies and excluded any studies not meeting our inclusion criteria. Agreement of study selection was excellent ( ¼ 0.85), and disagreements were resolved by consensus.
Data extraction
Two investigators (MS and PMR) independently extracted data from the articles and entered them into a customized database. The extracted data included the authors' names and title of the study, country where the study was performed, year of publication, study design, source population, study size, duration of follow-up, age and gender distribution of participants, criteria used for migraine diagnosis, migraine status including aura, form of mortality investigated (e.g. all-cause mortality and CVD mortality), and effect estimates with 95% CIs. Agreement for data extraction was excellent ( ¼ 0.97), and all disagreements were resolved by consensus.
Statistical analysis
We included all studies regardless of their gender and age distributions and criteria for migraine diagnosis. We performed an overall analysis of the association between any migraine (i.e. all forms of migraine taken collectively as presented in each study) and all-cause mortality. We also investigated other mortality outcomes if investigated in at least two independent studies (i.e. CVD mortality, coronary heart disease (CHD) mortality). For each of the outcomes we also attempted to perform analyses separately for migraine with aura and migraine without aura (MO) as well as for women and men.
We made the assumption that the odds ratios from case-control studies approximate the hazard ratios and rate ratios from cohort studies. For each study we weighted the log of the effect estimate by the inverse of its variance to obtain pooled relative risk (RR) estimates. We decided to run random effect models, as opposed to fixed effects models, because the former include assumptions about potential differences between studies. We performed the DerSimonian and Laird Q test for heterogeneity and calculated the I 2 statistic (10). The I 2 statistic gives an estimate of the percentage of total variation across studies that is probably due to true differences as opposed to chance.
Thus, a high percentage indicates high heterogeneity and a low percentage indicates low heterogeneity. The following cut-off points may serve as guideline: 25% low heterogeneity, 50% medium, 75% high (10) . To visually examine the impact of individual studies on the overall homogeneity of the test statistic, we constructed Galbraith plots (11) . Finally, to test for small study effects, such as publication bias, we used statistical methods described by Begg and Mazumdar (12) and Egger (13) . Small study effects denote the tendency for smaller studies in meta-analysis to show larger treatment effects. P-values < 0.05 from formal tests provide indication for small study effects.
A two-tailed p value < 0.05 was considered statistically significant and all analyses were carried out using STATA v.10.1 (Stata, College Station, TX, USA). Figure 1 summarizes the selection process of studies for inclusion in this meta-analysis. The electronic search identified 1134 records. After reviewing the titles and abstracts and excluding records not meeting our inclusion criteria, we were left with 21 records. Searching the reference lists of these, we identified one additional record. We evaluated these 22 records as full text references and excluded six because mortality was not an outcome (14) (15) (16) (17) (18) (19) , two because they were abstracts and later published as full papers (20, 21) , three because cohorts overlapped with those in other records (22) (23) (24) , and one because multiple inclusion criteria were not fulfilled (25) . We were finally left with ten articles for our meta-analysis (8, (26) (27) (28) (29) (30) (31) (32) (33) (34) .
Results

Study characteristics
The characteristics of the ten included studies are summarized in Table 1 . All studies were cohort studies. In five studies migraine was diagnosed according to strict or modified International Headache Society (IHS) criteria (8, 27, (30) (31) (32) ; other studies used criteria applied before the introduction of the IHS criteria (34), questionnaire-based self-report (26, 27, 29) , or physician-/ ICD-based coding in databases from health care providers (28, 33) . All studies reported on any migraine (8, (26) (27) (28) (29) (30) (31) (32) (33) (34) , and four additionally investigated migraine with and without aura separately (8, (30) (31) (32) . Five studies investigated all-cause mortality (8, 26, 28, 33, 34) , six CVD mortality (8, 26, (28) (29) (30) 33) , three CHD mortality (8, 27, 32) , and one fatal hemorrhagic stroke (31) .
Individual study results for all-cause mortality, CVD mortality, and CHD mortality are summarized in Table 2 . Table 3 shows the results from pooled analysis along with measures of heterogeneity and small study effects.
Association between migraine and all-cause mortality
Five studies investigated the association between any migraine and all-cause mortality ( Table 2 ). Effect estimates from two studies, one in women (34) and one in a mixed cohort (28) , suggested a reduced risk for all-cause mortality; however, this was not statistically significant. Two studies did not find an association (26, 33) . One study reported a 15% significantly increased risk for all-cause mortality (8) . In analyses stratified by migraine aura status, this association occurred only for MA, translating into a 21% increased risk for all-cause mortality, but not for MO and non-migraine headaches. Further, the pattern of association was similar among women and men.
Results from the pooled analysis did not suggested that any migraine alters the risk for all-cause mortality (pooled RR ¼ 0.90, 95% CI 0.71-1.16) ( Table 3 , Figure 2 ). In separate analyses among women and men the results did not change. Results stratified by migraine aura status were only available from one study (8) suggesting that MA is associated with an increased risk for all-cause mortality, but not for MO (see previous paragraph, Table 2 ).
Heterogeneity among all studies investigating the association between any migraine and all-cause mortality was high (I 2 ¼ 92.8%) and remained high in genderspecific analyses (Table 3 ). There was no evidence for small study effects in formal investigations with Begg's and Egger's tests.
Association between migraine and CVD mortality
Six studies investigated the association between any migraine and CVD mortality ( Table 2) . Effect estimates from one study in a mixed population (33) suggested a reduced risk for CVD mortality; however, this was not statistically significant. Three studies, one in a mixed population (28) , one in women (26) , and one in men (29) , did not find an association. Two studies, one among women (30) and one in a mixed population (8), found a significantly increased risk of CVD mortality. In both studies the association only appeared for MA, but not MO. The latter study (8) further stratified the analysis by gender. Although the increased risk for CVD mortality limited to MA appeared for women and men, the effect estimates were higher among men than among women.
Results from the pooled analysis did not suggest that any migraine alters the risk for CVD mortality (pooled RR ¼ 1.09, 95% CI 0.89-1.32) (Table 3, Figure 3 ). However, gender-specific analysis did suggest an increased risk for women (pooled RR ¼ 1.23, 95% CI 1.02-1.48) and men (pooled RR ¼ 1.25, 95% CI 1.00-1.55).
Heterogeneity among all studies investigating the association between any migraine and CVD mortality was moderate (I 2 ¼ 61.4%) ( Table 3 ). It remained moderate in analyses among men (I 2 ¼ 49.0%), but was not apparent among women (I 2 ¼ 9.4%).
Effect estimates for CVD mortality among migraineurs with aura suggested an increased, albeit statistically insignificant, risk (pooled RR ¼ 1.57, 95% CI 0.89-2.78) ( Table 3 ). However, these were only pooled results from two studies and there was moderate heterogeneity (I 2 ¼ 68.4%). Effect estimates among migraineurs without aura were close to unity and there was no suggestion for heterogeneity.
There was no evidence for small study effects in formal investigations with Begg's and Egger's tests.
Association between migraine and CHD mortality
Three studies investigated the association between any migraine and CHD mortality ( Table 2 ). The *Only mortality outcomes that were investigated in at least two studies are listed.
Abbreviations: RR, relative risk from multivariable-adjusted models; MA, migraine with aura; MO, migraine without aura; CVD, cardiovascular disease; CHD, coronary heart disease; NA, data not available. *Two study populations from (28) .
NOTE: Weights are from random effects analysis
Overall (I-squared = 61.4%, p = 0.024)
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Gudmundsson 2010 Any migraine -CVD mortality, all participants effect estimate from one study (27) suggested a reduced risk among men, which was not statistically significant. Another study did not find an association among women for any migraine (32) , whereas analyses stratified by migraine aura status yielded effect estimates suggesting an increased risk for MA and a decreased risk for MO. The third study found a significantly increased risk for CHD mortality (8) . This association was apparent only for MA, but not MO and non-migraine headache. The increased risk for CHD mortality limited to MA was apparent for both women and men in gender stratified analyses; the effect estimates were greater among men than women. Results from the pooled analysis did not suggest an association between any migraine and CHD mortality (pooled RR ¼ 0.95, 95% CI 0.57-1.60) ( Table 3 , Figure 4 ). This did not change in separate analyses among women and men.
Heterogeneity among all studies investigating the association between any migraine and CHD mortality was moderate (I 2 ¼ 64.2%) ( Table 3 ). It was high in analyses among men (I 2 ¼ 85.8%), but was not apparent among women (I 2 ¼ 0.0%).
Effect estimates for CHD mortality among migraineurs with MA suggested an increased, statistically significant, risk (pooled RR ¼ 1.29, 95% CI 1.12-1.50) ( Table 3 ). There was no suggestion for residual heterogeneity (I 2 ¼ 0.0%). This association was similar for women and men. Effect estimates among migraineurs without aura did not suggest an association with CHD mortality. These results were based on only two studies.
Association between migraine and other mortality
The risk for other fatal outcomes among migraineurs was investigated in only two studies ( Table 1) . The authors of one study reported a more than three-fold increased risk for fatal hemorrhagic stroke among women with MA (RR ¼ 3.56; 95% CI 1.23-10.31) (31) . In the other study, in addition to all-cause mortality, CVD mortality, and CHD mortality as described above, other fatal outcomes were investigated (8) . The authors report significantly increased risks for total fatal stroke (RR ¼ 1.30, 95% CI 1.05-1.61), but not other fatal CVD (not stroke and not CHD; RR ¼ 1.12, 95% CI 0.83-1.50). They further report increased risk for mortality unrelated to CVD and cancer (RR ¼ 1.19, 95% CI 1.05-1.34), while risk for cancer mortality was not altered (RR ¼ 1.02, 95% CI 0.90-1.15). The increased risks reported only occurred among migraineurs with aura (total fatal stroke: RR ¼ 1.40, 95% CI 1.10-1.78; mortality unrelated to CVD and cancer: RR ¼ 1.25, 95% CI 1.09-1.43), but not among migraineurs without aura.
Sensitivity analyses
For the association between any migraine and all-cause mortality we first performed a sensitivity analysis by NOTE: Weights are from random effects analysis Overall (I-squared = 64.2%, p = 0.061) excluding the study which was conducted before the introduction of the IHS criteria for migraine and migraine aura (34) . The pooled effect estimates were very similar to our main analysis (pooled OR ¼ 0.93, 95% CI 0.71-1.23). Further, we used Galbraith plots to identify individual studies that may be potential sources of heterogeneity. We excluded any study that fell outside the margin set by two standard deviations of the z-score and re-ran our analyses.
For the association between any migraine and allcause mortality, two studies (8, 28) were identified. Exclusion of these studies yielded pooled effect estimates that were very similar to our main analysis (pooled OR ¼ 0.89, 95% CI 0.77-1.03), also not suggesting an association. With regard to the association of any migraine and CVD mortality, Galbraith plots did not suggest individual studies as a potential source of heterogeneity.
For all other associations investigated, there were too few studies to perform sensitivity analyses either with Galbraith plots or meta-regression (Table 3 ).
Discussion
The results of this meta-analysis do not suggest that any migraine alters the risk for all-cause mortality, CVD mortality, or CHD mortality. However, heterogeneity among the studies was medium to high. There is some indication that MA, but not MO, increases the risk for all-cause and CVD and CHD mortality; however, these results stem from small numbers of studies. Hence, there is remaining uncertainty about the true association between migraine, including MA and MO, and all-cause as well as cause-specific mortality.
Beyond the high individual, societal, and economic burden (4, 5) , migraine also carries a substantial co-morbidity burden, mostly relating to CVD, psychiatric, neurological, and other pain disorders (6) . In particular the association with CVD has been systematically reviewed and analyzed recently (7) . The authors found that MA increases the risk for ischemic stroke by twofold, which was not apparent for MO. There was no overall association between any migraine and myocardial infarction and CVD mortality; however, single studies, which performed analyses stratified by migraine aura status, did suggest that MA increases the risk for myocardial infarction and CVD mortality, while MO did not. In addition, a large population-based study from Iceland recently reported that MA is an independent risk factor for CVD mortality, but also all-cause mortality (8) . Results from other studies are in part conflicting (Table 1) .
Only a limited number of studies provide data that help to understand how migraine may be linked to mortality. Regarding the association between migraine and CVD, some studies report an association between migraine and vascular risk factors, including increased lipid levels, diabetes, elevated blood pressure, history of early onset vascular disease, and higher Framingham Risk Score (35, 36) . Hence, presence of these risk factors may confound the association between migraine and CVD/CVD mortality. However, adjustment for these risk factors does not change the associations between MA and CVD/CVD mortality (8, 30) , suggesting little influence of these factors. Furthermore, some data indicate that women with MA who have the lowest Framingham Risk Score (estimating the 10-year risk of coronary heart disease) have an almost 4-fold increased risk for ischemic stroke, but no altered risk for myocardial infarction compared with non-migraineurs (24) . In contrast, women with MA who have the highest Framingham Risk Score had no increased risk for ischemic stroke, but >3-fold increased risk for myocardial infarction. Other reports suggest that specific pathologies of the endothelium/vasculature play a role among migraineurs, which may cause ischemic vascular events in the absence of CVD risk factors. For example, studies have shown an association of migraine with Rose angina (37) and -particularly in young female migraineurslivedo reticularis (38) and Sneddon's syndrome (39) as well as functional impairment of the systemic vasculature in migraineurs of recent onset (40) . Further, some genetic studies may suggest common susceptibility factors for migraine and CVD mortality. For example, the MTHFR 677C>T and the ACE D/I gene variants are associated with migraine (41), but also play a role in vascular pathology, and have been shown to affect CVD mortality (42, 43) . However, no such studies are available with respect to non-CVDrelated mortality.
Results from our pooled overall analysis do not suggest an association between any migraine and allcause mortality, CVD mortality, and CHD mortality. However, moderate to high heterogeneity among the pooled studies and the suggestion of an increased risk in subgroups leaves remaining uncertainties. Hence, when interpreting our results, the following aspects need to be considered:
First, for the association between any migraine and all-cause mortality heterogeneity was high (Table 3) ; hence, pooling study results may not yield reliable overall estimates and is often discouraged. For our analysis we decided to investigate this overall association and report the results alongside the results according to migraine aura status, gender, and type of mortality for the following reasons. Heterogeneity was only low to moderate among studies investigating CVD and CHD mortality, which provides some indication that the broad outcome of all-cause mortality may be a source of heterogeneity. We believe that side-by-side presentation of all results facilitates visual appreciation of this potential source of heterogeneity. This is particularly important because of the limited number of available studies and their data structure not allowing a formal analysis of the sources of heterogeneity with, for example, meta-regression.
Second, migraine is clinically heterogeneous (44), with MA and MO being crude phenotypes, each with an appreciable variability of symptoms, along the wide clinical spectrum of this disorder (45, 46) . Even the IHS criteria for migraine and migraine aura status (47, 48) , which form the gold-standard of diagnosis, may not capture all this heterogeneity.
Third, studies included for analyses differed with respect to their methods of diagnosing migraine. Some studies used strict or modified IHS criteria (8, 27, (30) (31) (32) , some used self-administered questionnaires (26, 27, 29) , and others used databases from health care providers (28, 33) . However, the validity of these ascertainment methods has been shown for large population-based studies using questionnaire data (30) . Further, information in health care provider databases is often based on medical records or claims. In addition, when we excluded the study performed before the introduction of the IHS criteria, our overall results did not change.
Fourth, some studies have reported that the risk for CVD (49, 50) associated with MA is determined by migraine attack frequency. Further, the burden of chronic migraine is disproportionately larger than for episodic forms (51) . Hence, although migraine attack frequency or chronic migraine may also have an impact on mortality, no such studies are available.
Fifth, most of the ten studies identified in the literature search investigated only one form of mortality and also differed with respect to the form of mortality investigated (Table 1 ). In addition, only four studies performed analyses stratified by migraine aura status. Moreover, study populations also differed with respect to their size and gender composition. This further reduced the number of studies that could be grouped for pooled analyses (Tables 2, 3) .
Finally, although all studies had a cohort design, time of follow-up varied substantially from just over 1 year to almost 26 years. If the risk for dying attributable to MA is low it will take many years of follow-up to obtain enough incident fatal cases to calculate stable and reliable effect estimates. Further, if the mortality risk associated with MA only manifests after a minimum number of years, this might not be detected in pooled analysis across the studies. There is some indication for such a time-dependent association, because only the studies with the longest follow-up (8, 30, 31) found increased risks for fatal events among migraineurs with aura.
In light of these limitations attributable to the parent studies our results do not provide sufficient evidence to answer with certainty the question of whether the mortality risk is altered among migraineurs. All-cause mortality may be too gross an outcome to capture risks associated with mortality attributable to specific causes. In addition, data supporting an increased risk of CVD (8, 30) and CHD (8,32) mortality among migraineurs with aura come from only few studies.
Additional prospective cohort studies are needed to investigate systematically if migraine or a subgroup is associated with mortality from certain causes. These studies need to be large, adequately powered, and have a long follow-up to be able to detect even small to moderate relative risk estimates. Such risk may be considered minor but because of the high prevalence of migraine, the population-attributable risk may be high. Any such associations would be of great public health importance. Subsequent studies to investigate the underlying pathophysiology as well as clinical trials to test whether preventive strategies reduce these excess deaths would be called for. Not finding such an association, however, would be equally important as patients could be relieved of a substantial amount of psychological stress and money could be saved by preventing unnecessary studies.
